Deformations of homeotropic layers of nematic liquid crystal possessing flexoelectric properties and subjected to external dc
Introduction
The electric field, applied to plane−parallel layers of nematic liquid crystals, induces elastic deformations of the nematic director distribution. This effect is commonly applied in li− quid crystal displays and in other liquid crystal opto−elec− tronic devices. In the case of bias dc or low frequency vol− tage, the deformations are due not only to the dielectric ani− sotropy but also to the flexoelectric properties of nematic [1] . The interaction between flexoelectric polarization and bias electric field plays a crucial role in principle of opera− tion of the displays called zenithal bistable device [2] . The flexoelectric properties may find further applications in opto− −electronic devices, as the materials with large flexoelectric coefficients were synthesized [3] . The anchoring between the nematic and the boundary plates of the display layer plays important role since the flexoelectric properties give rise to the torques acting on the director not only in the bulk but also on the boundary surfaces [4] . The destabilizing effect of the surface flexoelectric torques depends on the surface anchoring energy. Additionally, the deformations are influenced by ions which are always present in liquid crystalline materials [5] . The ions are accumulated at the surfaces leading to the strong subsurface electric fields and field gradients which determine the dielectric and flexo− electric torques. Some aspects of deformations arising in homeotropic layers of flexoelectric nematics were studied numerically in our previous papers [6] [7] [8] [9] .
In the present paper, the role of the anchoring strength in the deformations is considered. The threshold voltages for deformations were computed for several values of anchor− ing strength and for low, moderate, and high ion contents. The director distributions were also determined. It was found that the effective influence of anchoring energy on the deformations depends on the content of ions and there− fore should be considered together with the influence of the ionic space charge.
Geometry and parameters of the system
The material and layer parameters were the same as in our previous papers [6] [7] [8] . A nematic liquid crystal layer of the thickness d = 20 mm was confined between two infinite plates parallel to the xy−plane of the Cartesian coordinate system. There were positioned at z = ±d/2, and played the role of electrodes. The voltage U was applied between them, the lower electrode was earthed. Homeotropic alignment was assumed. The anchoring strength was identical on both surfaces. It was determined by the Rapini−Papoular parame− ter W, ranging from 10 -6 to 10 -4 Jm -2 , for extremely weak and for strong anchoring, respectively [10] . The director n was parallel to the xz−plane, its orientation was described by the angle q(z), measured between n and the z−axis. The model substance was characterized by the elastic constants k 11 = 6.2×10 -12 N and k 33 = 8.6×10 -12 N. Both signs of di− electric anisotropy were adopted with the dielectric constant components e || = 3.4 and e^= 5.4 (in the case of negative di− electric anisotropy, De = -2) and e || = 7.4 and e^= 5.4 (in the case of positive dielectric anisotropy, De = 2). The fle− xoelectric properties were determined by the sum of fle− xoelectric coefficients e = e 11 + e 33 . The positive value e = 40 pC/m was adopted for the material with De = 2 and the negative one e = -40 pC/m was used when De = -2. The weak electrolyte model was adopted [11] . The ion concen− trations were determined by the generation constant b 0 and the recombination constant a [6, 12] . The value of b 0 was varied from 10 18 to 10 22 m -3 s -1 in order to control the ion concentration whereas a resulted from the parameters of the nematic, and it was equal to 4.93´10 18 m 3 s -1 for De = -2 and 3.85´10 18 m 3 s -1 for De = 2 [12] . The low, moderate, and high values of the average ion concentrations N 0 were taken into account. They were of the order of 10 18 , 10 19 , and 10 20 m -3 , respectively. The transport of ions in the layer was described by their mobility and diffusion coefficients. The values used in calculations corresponded to typical results of mobility measurements in various liquid crystals and re− flected typical anisotropy of mobility [5, 13] . It was assumed that the mobility of anions was larger than that of cations:
. The Einstein relation was assumed for
where q deno− tes the absolute value of the ionic charge, k B is the Boltz− mann constant, and T is the absolute temperature. Strongly blocking electrodes were assumed.
Method
The problem is considered to be one−dimensional. The re− duced coordinate z = z/d is used in the following. The angle q(z) which describes the director orientation, the potential distribution within the layer V(z), and the distributions of ions N ± (z) were determined by solving the set of ten equa− tions which consisted of equation of balance of elastic, dielectric and flexoelectric torques for the bulk, two equa− tions of balance of elastic, flexoelectric, and anchoring torques for the boundaries, the Poisson equation, two conti− nuity equations for the ion fluxes, four equations for ion concentrations on the boundaries [6] .
The charge transport phenomena, taking place in the bulk and at the electrode−liquid interfaces, were described in terms of a model presented in details in the earlier papers [6, 15] . The quasi−blocking character of the electrode con− tacts was expressed by the parameter K r = 10 -7 ms -1 which determined the rate of the neutralization of ions as well as the rate of their generation. This value reflected the high resistance of the contact.
Results
The threshold voltages for deformations were calculated for various anchoring strengths W and for several dissociation coefficients b 0 which determined the ion content. The direc− tor distributions for voltages exceeding the thresholds by 0.1 V were also calculated in order to characterize qualita− tively the deformations. Below, these results are presented separately for both types of nematics considered. 
De

. Threshold voltage
For weak anchoring strength, the threshold U T increases with W. For strong anchoring, the threshold becomes inde− pendent of W (Fig. 1) . Such U T (W) dependence agrees qua− litatively with theoretical formula derived for insulating nematic. The effect of ion content is shown in Fig. 2 . For very weak anchoring, W < 10 -5 Jm -2 , the threshold de− creases with ion content (determined by the dissociation constant b 0 ). For stronger anchoring, the threshold achieves a maximum at some ion content and decreases when the ion concentration reaches high values. 
Director distributions
Five types of director distributions can be distinguished depending on anchoring energy and ion content. They are exemplified in Fig. 3 . Curves 1-5 show the influence of decreasing anchoring strength and/or of increasing ion con− tent. The distributions can be interpreted in terms of torques of dielectric and flexoelectric nature, which can be stabiliz− ing or destabilizing. In the case of negative dielectric aniso− tropy, the dielectric torque is destabilizing. The role of the flexoelectric torques acting in the bulk as well as on the sur− faces is illustrated in Figs. 4 (a) and 4(b) for e < 0 and e > 0, respectively.
For very low ion concentration and strong anchoring (N 0 = 4.7×10 17 m -3 , W = 6×10 -5 Jm -2 , curve 1), the defor− mation is due to prevailing destabilizing dielectric torque acting in the bulk. For somewhat higher b 0 and smaller W, the deformation is still dominated by the dielectric torque. It is enhanced in the left half of the layer due to higher electric field strength in this region (N 0 = 1.4×10 18 m -3 , W = 3× 10 -5 Jm -2 , curve 2). At weaker anchoring and larger b 0 , the strongly asymmetric deformation due to destabilizing sur− face flexoelectric torque on the left boundary is revealed. 
De = D2, e 11 + e 33 = 40 pC/m
The torque of dielectric nature stabilizes the homeotropic orientation. Therefore, the deformations are solely caused by the flexoelectric properties.
Threshold voltage
In the case of low and moderate ion content, the threshold voltage is nearly proportional to W and reaches high values (Fig. 5) . It is very close to the theoretical value predicted for insulating nematic. In case of high ion content, (e.g. deter− mined by b 0 = 5.5×10 20 m -3 s -1 ), the deformation arises in two voltage regimes. The lower regime has finite width, the upper spreads above a critical voltage. The deformations appear at certain threshold voltage, disappear at some higher voltage and reappear at an upper threshold. The deforma− tions occurring in these two regions have different forms described in the next section.
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Director distributions
Three types of director distributions arise depending on ion content and anchoring energy. They are presented in Fig. 6 and they can be analyzed by the use of the torques illustrated in Fig. 4 
Conclusions
Director distributions reported in this paper are coherent with the results obtained in our earlier works [6] [7] [8] . Here, they are analyzed systematically with respect to the influ− ence of the anchoring strength. The occurrence of deforma− tions in two voltage regimes was also found earlier [8] . The present results show that the deformations of flexoelectric nature can have several various forms which depend on combined effect of anchoring and subsurface electric field. For this reason, the influence of surface anchoring energy on the deformations should be considered together with the influence of the ionic space charge. Similar conclusion was drawn from theoretical considerations made in Ref. 16 where the need of renormalization of the anchoring energy due to ions was found. The space charge of ions accumu− lated at the electrodes generates strong electric fields on the boundaries and high electric field gradients in the subsur− face regions. The subsurface bulk torques and surface torques can overcome the anchoring torques. 
